A series of experiments were conducted to examine the role of Ca2+ in modulating the fluidity of rat smalland large-intestinal antipodal plasma membranes and their liposomes. This bivalent cation was found to decrease the fluidity of these preparations in a complex manner involving at least two distinct mechanisms. The first appeared to be a direct effect of Ca2+ on fluidity, was readily reversible by addition of EGTA and presumably involved binding of Ca2+ to anionic sites in the lipid bilayers of these membranes. This effect was seen with all preparations examined. In contrast, the second effect of Ca2+ on fluidity was only seen in intact small-intestinal brush-border membranes, appeared to be indirect, was time-and cation-dependent, was only minimally reversible by addition of EGTA, and appeared to involve stimulation of membranebound enzymes which altered this membrane's fatty acid composition. Furthermore, regional differences in this latter effect of Ca2+ on brush-border membrane fluidity were also seen in these studies, i.e. proximal > distal small intestine.
INTRODUCTION
The luminal (brush border) and contraluminal (basolateral) plasma membranes of enterocytes and colonocytes, the predominant cells lining the small and large intestine respectively, are highly specialized to perform certain physiological functions (Douglas et al., 1972; Brasitus & Keresztes, 1983 , 1984 . These antipodal membranes in both cell types, which function to regulate exchange between organism and environment, also differ from each other in a number of respects (Bloom & Fawcett, 1968; Forstner et al., 1968; Douglas et al., 1972) , including lipid composition and fluidity (Forstner et al., 1968; Brasitus & Schachter, 1980a; Brasitus et al., 1980; Brasitus & Keresztes, 1983 , 1984 . Moreover, considerable evidence exists that alterations in the lipid fluidity of these membranes can influence many important functions of these cells, including the activities of certain enzymes such as alkaline phosphatase (Brasitus et al., 1979) , adenylate cyclase (Brasitus & Schachter, 1980a) and guanylate cyclase (Brasitus & Schachter, 1980b) , Na+ + K+-dependent ATPase (Brasitus & Schachter, 1980a) and Ca2+-dependent ATPase (Brasitus et al., 1979) , as well as D-glucose transport (Brasitus et al., 1979) , Na+/H+ exchange (Brasitus et al., 1986 ) and water permeability (Brasitus et al., 1986) .
The mechanisms which regulate the lipid fluidity of these intestinal antipodal membranes, however, are relatively undefined. Accordingly, the present studies were initiated to examine the role of Ca2+ in the regulation of lipid fluidity of these various intestinal plasma membranes. Several lines of evidence point to this possibility. Ca2+ ions have been shown to interact with phospholipid monolayers (Shah & Schulman, 1967) and model bilayers (Ohnishi & Ito, 1974) to decrease their lipid fluidity. This bivalent cation has also been shown to cause similar fluidity changes in a number of biological membranes, including pig (Ohyashiki & Mohri, 1982) and rat (Schachter & Shinitzky, 1977) small-intestinal brush-border membranes. In this regard, previous studies in hepatocytes have suggested that fluidity alterations induced by Ca2+ may be more complex than was previously appreciated (Livingstone & Schachter, 1980) and may be restricted to certain regions of these cells' plasma membranes (Storch et al., 1983) . The results described below demonstrate that Ca2+ can interact with intestinal antipodal plasma membranes in a complex manner involving both 'reversible' and 'irreversible' mechanisms for altering lipid fluidity. The former mode of action of Ca2+ on fluidity appears to involve binding of the ions to anionic sites in the lipid bilayer, and can be detected in all intestinal antipodal membranes examined. In contrast, the latter effect of Ca2+ on fluidity appears to involve stimulation of certain membranebound enzymes which alter membrane fatty acid composition and is restricted to small-intestinal brushborder membranes. These results, as well as discussion of their possible significance, serve as the basis for the present paper. 
EXPERIMENTAL

Membrane preparations
Male albino rats of the Sherman strain, weighing 250-300 g, were used for all studies. The animals were starved for 18 h, with water ad libitum, before being killed. They were killed rapidly by cervical dislocation and their proximal and/or distal small intestines and colons, minus the caecum, were excised. Brush-border membranes were prepared from the proximal and distal halves of the small intestine, by using 10 mM-MgCl2 instead of 10 mM-CaCl2 as the precipitating agent (Brasitus et al., 1979) , and colon (Brasitus & Keresztes, 1984) as described previously. Basolateral membranes from the proximal half of the small intestine (Brasitus et al., 1980) and colon (Brasitus & Keresztes, 1983 ) were also prepared as described previously. Purity and comparability of the preparations as well as contamination by microsomal and mitochondrial membranes were assessed by using appropriate marker enzymes (Brasitus et al., 1979; Brasitus & Schachter, 1980a; Brasitus & Keresztes, 1984) . All plasma membranes were purified 1 5-20-fold compared with the original homogenates and showed minimal contamination by intracellular membranes, as described previously (Brasitus et al., 1979; Brasitus & Schachter, 1980a; Brasitus & Keresztes, 1984) . Protein was measured by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Liposomes
Liposomes were prepared from extracted plasmamembrane lipid as previously described (Brasitus et al., 1979) . Briefly, lipid was extracted from these membranes as described by Folch et al. (1957) , and approx. 0.3-0.5 mg ofdried lipid was suspended in phosphate-buffered saline (Brasitus et al., 1979) . The suspension was then sonicated under N2 at 4°C for 7-10 min. Thereafter, the preparations were centrifuged at 10000 g for 10 min and the resulting supernatant was used for fluorescencepolarization studies (see below).
Chemical determinations
The composition of the lipid extracts was examined by t.l.c. as described by Katz et al. (1976) . Total phospholipid was measured by the method of Ames & Dubin (1960) , and cholesterol by the procedure of Zlatkis et al. (1953) . Derivatives of fatty acids of the total lipid extract were prepared by the procedure described by Gartner & Vahouny (1972) . Fatty acid methyl esters were analysed on a Hewlett-Packard 5790A gas-liquid chromatograph equipped with a flame ionization detector and interfaced with a Hewlett-Packard 3390A integrator, authentic fatty acid methyl esters being used to identify retention times (Gartner & Vahouny, 1972 (Brasitus & Schachter, 1982; Brasitus & Dudeja, 1985) . The content of the fluorophor DPH in the preparations was measured fluorimetrically as described by Cogan & Schachter (1981) . Final molar ratios of probe/lipid ranged from 0.001 to 0.003, and the anisotropy differences noted in these studies could not be ascribed to differences in DPH concentrations in the membranes. Corrections for light-scattering (suspensions minus probe) and for fluorescence in the ambient medium (determined by pelleting the preparations after each measurement) were made routinely, and the combined corrections were less than 3 % of the total fluorescence intensity observed for DPH-loaded preparations.
Fluorescence polarization was expressed as the fluorescence anisotropy, r (Brasitus & Schachter, 1980a) . The results were obtained according to the modified Perrin relationship (Heyn, 1979; Jahnig, 1979) :
where r is the fluorescence anisotropy, ro is the maximal limiting anisotropy, taken as 0.365 for DPH (Shinitzky & Barenholz, 1974) , rO,, is the limiting hindered anisotropy, Tc is the correlation time, and Tf is the mean lifetime of the excited state. Values of r., for DPH were calculated from r values as described by Van Blitterswijk et al. (1981) . The 'order parameter' component of membrane fluidity was assessed by S, where S = (rw/ro)i, as described previously (Van Blitterswijk et al., 1981) . No change in the excited-state lifetimes, as assessed by total fluorescence intensity, was demonstrated for DPH in the present studies.
To investigate the effects of Ca2 , membrane suspensions were incubated with DPH in buffer containing 5 mM-Tris/HCI, 146 mM-NaCl, 4 mM-KCl, 0.1 mM-EGTA, pH 7.4, and 0-4 mM-CaCl2 as required. After incubation at 37°C for 2 h, EGTA (pH 7.4) was added to certain samples (see below) to a final concentration of 8 mm before fluorescence-polarization studies (Livingstone & . For time-course studies of Ca2+ effects, 8 mM-EGTA was added at different time intervals as required (Livingstone & Schachter, 1980) .
Statistical methods
All results are expressed as means +S.E.M. Paired or unpaired t tests were used for all statistical analysis: P < 0.05 was considered significant.
RESULTS
Effects of Ca2+ concentration on plasma-membrane fluidity
To examine the effects of Ca2+ on membrane fluidity, plasma membranes prepared from the small and large intestine and their liposomes were loaded with DPH and simultaneously incubated with various concentrations of Ca2+ (0-4 mM) at 37°C for 2 h. The r, r, and S values of DPH for each of these preparations were then measured (Tables 1 and 2 ). As shown in these Tables, Ca2+ significantly decreased the fluidity of each of these preparations.
Previous studies in intact hepatocyte plasma membranes had indicated that this phenomenon was largely irreversible (Livingstone & Schachter, 1980) . To examine the reversibility of the Ca2+ effect on these preparations, each was incubated with DPH and various concentrations of Ca2+ (0-4 mM) and, thereafter, EGTA (final concn. 8 mM) was added, the suspensions were incubated at 37°C for an additional 30 min, and DPH fluorescence values were measured (Tables 3 and 4) . As shown in these Tables, with the exception of small-intestinal brush-1986 border membranes, the addition of EGTA completely reversed these Ca2+-induced changes in membrane fluidity. Furthermore, as shown in Table 3 , this 'irreversible' effect of Ca2+ on fluidity was greater in brush-border membranes prepared from proximal than from distal small intestine. To ensure that the EGTA completely removed Ca2+ from these plasma membranes, tracer amounts of 45CaC12 were added with nonradioactive Ca2+ to the initial incubation mixtures (Livingstone & Schachter, 1980) . Less than 0.3% of the quantity initially added to the tracer was found in the membranes after treatment with 8mM-EGTA and harvesting of membranes by centrifugation (results not shown).
From the present observations (Tables 1-4) , and in agreement with previous studies in rat hepatocyte membranes (Livingstone & Schachter, 1980 ), Ca2+ appears to have at least two effects on the fluidity of these preparations, i.e. an 'irreversible' and a 'reversible' effect. The 'irreversible' effect was seen only in intact small-intestinal brush-border membranes (proximal > distal), whereas the 'reversible' effect was shown to occur in all other preparations, including liposomes prepared from small-intestinal brush-border membranes. As
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Fluorescence-polarization studies using treatment with EGTA DPH on the effects of Ca2+ on small-intestinal plasma membranes and liposomes after (Table 5 ). The mechanism(s) responsible for the latter changes are unclear at present and will require further examination. In agreement with previous studies using hepatic plasma membranes (Livingstone & Schachter, 1980) , however, the increase in r values, not reversible by EGTA, was highly specific for Ca2+ as compared with other bivalent cations. The r values were measured at 25 'C. Each data point in the Figure is a mean value for three preparations of membranes and liposomes. S.E.M. values are omitted for clarity, since all were less than 4% of the mean values.
were incubated at 37°C for 2 h with intact membranes.
The r values of DPH were then measured and, thereafter, portions of each sample were incubated with 8 mM-EGTA for an additional 30 min and r values were again determined.
As shown in Effect of Ca2+ treatment on membrane lipid composition In the present experiments, rat proximal small-intestinal brush-border membranes treated with various concentrations (1-4 mM) of Ca2+ were found to possess a lower fluidity than their control counterparts. In this regard, previous studies in the model bilayers and natural membranes have correlated a low lipid fluidity with high molar ratios of cholesterol/phospholipid and sphingomyelin/phosphatidylcholine, as well as more saturated or longer acyl chains in phospholipids (Hubbell & McConnell, 1971; Shinitzky & Inbar, 1976; Shinitzky & Barenholz, 1978) . It was therefore decided to examine and compare the lipid composition as well as these parameters in control and Ca2+-treated (4 mM) membranes. As shown in Table 6 , control and Ca2+-treated membranes possessed similar molar ratios ofcholesterol/ phospholipids and sphingomyelin/phosphatidylcholine. Ca2+-treated membranes, however, possessed a signifi- (Table 7) demonstrated that Ca2+-treated preparations possessed a significantly greater percentage of stearic acid (C18:0) and lower percentages of linoleic acid (C18:2) and arachidonic acid (C20: 4) than did untreated membranes. These differences in fatty acids appeared to be responsible for the higher saturation index seen in Ca2+-treated membranes and appeared to explain, at least in part, the differences in fluidity present between control and Ca2+-treated membranes (Shinitzky & Barenholz, 1978) .
DISCUSSION
The present results demonstrate that Ca2+ can decrease the fluidity of antipodal membranes prepared from the small and large intestine of the rat. In agreement with previous studies in rat hepatocytes (Livingstone & Schachter, 1980) , moreover, this effect of Ca2+ appeared to be complex and involved at least two different mechanisms. The first appeared to be a direct effect of this bivalent cation on fluidity, was readily reversed by addition of EGTA to chelate Ca2+ and presumably involved binding of Ca2+ to anionic sites such as acidic phospholipid head groups and sialic acid residues in the lipid bilayers of these membranes. This effect was seen with all preparations examined, and therefore seemed to be a generalized phenomenon.
The second effect of Ca2+ on fluidity was only seen in intact small-intestinal brush-border membranes. This effect appeared to be indirect, was time-and cationconcentration-dependent, was only minimally reversible (approx. 25%) by addition of EGTA, and appeared to involve membrane-bound enzymes which altered this membrane's fatty acid composition. Furthermore, regional differences in the latter effect of Ca2+ on brush-border membrane fluidity were also seen in these studies, i.e. proximal > distal small intestine.
It should be noted that in the present studies fluidity was assessed by steady-state fluorescence-polarization techniques with the probe DPH. It has been shown previously that, in biological and artificial membranes, the structural organization of the bilayer appears to limit the rotation of DPH; therefore r., values for DPH are high, and largely determine r (Chen et al., 1977; Van Blitterswijk et al., 1981) . As a result, this probe mainly assesses the 'order parameter' of fluidity (Schachter, 1984 Vincent et al., 1982) . The latter probes therefore assess mainly the 'dynamic' component of fluidity (Schachter, 1984) . In the present studies, attempts were made to use DL-2-(9-anthroyl)stearic acid and DL-12-(9-anthroyl)stearic acid to assess the influence of Ca2+ on fluidity. The results of these experiments, however, could not be interpreted, since Ca2+ was found to alter the lifetimes of the excited state of these probes. Therefore it is important to emphasize that the present data deal mainly with the effects of Ca2+ on the 'order parameter' of fluidity.
The exact mechanisms whereby Ca2+ treatment produced alterations in fatty acid composition and degree of saturation, which in turn decreased fluidity of these plasma membranes, are at present unclear. Previous studies, however, have shown that certain desaturase activities in microsomal membranes of hepatocytes could alter plasma-membrane fluidity (Storch & Schachter, 1984) . In this regard, our laboratory has described such desaturase activities in rat enterocytes and colonocytes (Ehrlich et al., 1985) . However, these activities were not found to be present in purified plasma-membrane fractions, but only in microsomal membranes of these cells (Ehrlich et al., 1985 ; J. B. Ehrlich, P. K. Dahiya & T. A. Brasitus, unpublished work). Since intact brushborder membranes were utilized in the present studies and were found to be minimally contaminated with intracellular membranes, the possibility that Ca2+ influenced fluidity via alterations in desaturase activities is unlikely. Previous investigations have also described endogenous reactions for the acylation and deacylation of membrane phospholipids (Newkirk & Waite, 1971; Holub & Kuksis, 1978) in a number of plasma membranes, including rat brush-border membranes (O'Doherty, 1979) . Although earlier studies had suggested that Ca2+ might influence fluidity of hepatocyte plasma membranes via deacylation-reacylation cycles (Livingstone & Schachter, 1980) , no direct proof for this assertion was shown. Further studies along these lines in rat small-intestinal brush-border membranes will therefore be necessary to clarify this issue.
Regardless of the mechanism(s) involved, however, in this 'irreversible effect' of Ca2+ on fluidity, the present studies demonstrate that this bivalent cation can modulate the fluidity and lipid composition of specific regions of the cell surface of rat enterocyte, i.e. brush-border but not basolateral membranes, via this mechanism. Storch et al. (1983) showed that Ca2+ could influence the fluidity of contraluminal (sinusoidal and contiguous), but not luminal (canalicular), plasma membranes of rat hepatocytes. It therefore appears that, depending on the cell type, the effects of Ca2+ on fluidity by this mechanism may be selective for certain antipodal plasma membranes.
The alterations in plasma-membrane fluidity induced by Ca2+ in the present studies were relatively small.
Previous observations by our laboratoryv, however, have demonstrated that similar quantitative changes in fluidity 1986 influenced a number of enzymic activities and transport processes in these membranes (Brasitus et al., 1979; Brasitus & Schachter, 1980a ,b, 1982 Brasitus et al., 1986) . For example, decreases in r values of DPH in the range of 5-15% have been correlated with increases in the specific activities of adenylate cyclase (200%) and guanylate cyclase (400%), as well as increases in the transport of Na+-dependent D-glucose (60%) and Na+/H+ exchange (60%) in those previous studies. It therefore seems reasonable to suggest that these fluidity changes induced by Ca2+ may be physiologically important. Further studies of these membranes should clarify questions concerning possible functions and mechanisms for these Ca2+-induced alterations in membrane lipid fluidity.
